Estrogens are widely used for contraception and osteoporosis prevention. The aim of the present study was to investigate the effect of 17 -estradiol on calcium (Ca 2+ ) transport by the nephron luminal membranes, independently of any other Ca 2+ -regulating hormones. Proximal and distal tubules of rabbit kidneys were incubated with 17 -estradiol or the carrier for various periods of time, and the luminal membranes of these tubules were purified and vesiculated. Ca 2+ uptake by membrane vesicles was measured using the Millipore filtration technique. Incubation of proximal tubules with the hormone did not influence Ca 2+ uptake by the luminal membranes. In contrast, incubation of distal tubules with 10 8 M 17 -estradiol for 30 min decreased the initial uptake of 0·5 mM Ca 2+ from 0·34 0·04 (...) to 0·17 0·04 pmol/µg per 5 s (P<0·05). In the presence of 100 mM Na + , 0·5 mM Ca 2+ uptake was strongly diminished and the effect of 17 -estradiol disappeared (0·17 0·01 and 0·21 0·07 pmol/µg per 5 s in vesicles from the control and treated tubules). Direct incubation of the membranes with 17 -estradiol, however, failed to show any influence of the hormone on Ca 2+ transport. The action of 17 -estradiol was dose-dependent, with a half-maximal effect at approximately 10 9 M. Ca 2+ uptake by the distal tubule membranes presents dual kinetics. 17 -Estradiol decreased the V max value of the high-affinity component from 0·42 0·02 to 0·31 0·03 pmol/µg per 10 s (P<0·02). In contrast with the effect of the hormone on Ca 2+ transport, estradiol increased Na + uptake by both the proximal and distal tubule luminal membranes. In conclusion, incubation of proximal and distal tubules with estrogen decreases Ca 2+ reabsorption by the high-affinity Ca 2+ channels of the distal luminal membranes, and enhances Na + transport by the membranes from proximal and distal nephrons.
Introduction
The two major indications for estrogen administration are contraception and menopause. For many years now, clinical observations and clearance studies have clearly established an association between estrogen status and sodium (Na + ) retention in normal dogs (Johnson & Davis 1976) , in women during the estrogenic cycle (Thorn et al. 1938 , Preedy & Aitken 1956 ) and in postmenopausal women injected with 17 -estradiol (Dignam et al. 1956) . This effect appears to be independent of mineralocorticoid secretion. Indeed, De Vries et al. (1972) observed a 35% decrease in urinary excretion of Na + when 17 -estradiol was administered to adrenalectomized male rats in doses of 40 µg/day. A similar conclusion was reported more recently in cultured mouse distal tubules (Tran et al. 1998) and distal tubules of ovariectomized rats (Verlander et al. 1998a) . In contrast to these studies reporting an antinatriuretic action of estrogen, the literature concerning the effects on renal calcium (Ca 2+ ) handling is scanty and inconclusive. In postmenopausal women and particularly in women with osteoporosis, Nordin et al. (1991 Nordin et al. ( , 1994 observed a relatively high Ca 2+ excretion which could not be explained by the slight rise of filtered Ca 2+ , therefore suggesting that estrogens promote tubular reabsorption of this cation. Similar findings were reported by McKane et al. (1995) who proposed an inhibition of bone resorption and as a consequence, an increase in serum parathyroid hormone (PTH) as the principal mechanisms involved in estrogen action.
However, different conclusions have resulted from animal experimentation. According to Dick et al. (1996) and Dick & Prince (1997) ovariectomy in rats results in a transitory increase in the 24 h urine Ca 2+ excretion. But this hypercalciuria was mainly attributed to an increase in ultrafiltrable Ca 2+ and therefore in the filtered load of Ca 2+ rather than a change in renal Ca 2+ handling. Aside from ovarian hormones, the remaining calcitropic hormonal status was not modified by the intervention. However, when the filtered load was corrected by EDTA infusion, administration of 17 -estradiol to these ovariectomized animals significantly increased Ca 2+ and, unexpectedly, Na + excretion, thus suggesting that estrogen curtailed the tubular reabsorption of the two cations. Creighton et al. (1999) proposed similar conclusions in women. These authors measured Ca 2+ excretion in 71 postmenopausal women who presented or not Ca 2+ nephrolithiasis. In both groups, urinary excretion of Ca 2+ was significantly higher in patients receiving estrogen than in those who were not. The authors concluded that estrogen increases urinary Ca 2+ , and then favors stone formation. Most of the confusion about the effect of estrogen on Ca 2+ excretion probably results from the fact that the clearance experiments provide data which result from a complex hormonal interrelationship.
Another source of controversy concerns the localization of estrogen receptors in the kidney. Pantic et al. (1974) studied the ability of kidney cells to incorporate tritiated estradiol in hamsters previously treated for 6 months with estrogen implants. The hormone was detected in kidney slices by autoradiography and was essentially localized in the proximal tubules, although the concentration was not uniform from one cell to the other. The distal convoluted tubule cells were labeled to a much smaller extent. In the study of Dick & Prince (1997) , the correlation between Na + and Ca 2+ excretion following estrogen administration to ovariectomized rats also incited the authors to conclude that the hormone is acting in the proximal tubule. In contrast, Verlander et al. (1998b) recently presented an immunohistochemistry study showing the presence of these receptors predominantly in the distal and cortical collecting tubules.
The purpose of the present experiments was to detect the direct action of estrogen on Ca 2+ reabsorption by the proximal and cortical distal tubules, independently of any other parameters, hormonal or not. Results indicated that incubation of distal tubules with 17 -estradiol not only increased Na + transport by the proximal and distal luminal membranes, but, unexpectedly, significantly decreased Ca 2+ uptake by the distal membranes exclusively.
Materials and Methods

Tubule preparation
Ten to 12 rabbit kidneys, directly obtained from the slaughter house, were used for each experiment. The procedure for the purification of the proximal and distal tubules was similar to that previously described (Brunette et al. 1992) . Slices of cortex were incubated for 20 min at 37 C in a modified Krebs-Henseleit (KH) buffer, containing 1 mg/ml collagenase type IV and 0·5 mg/ml BSA. The digested tissue was filtered through a stainless steel mesh and the filtrate was centrifuged at 200 g for 20 s. The tubule-containing pellets were washed three times in KH solution supplemented with 0·5 mg/ml BSA, suspended in 40% Percoll (final concentration) previously equilibrated with 95% O 2 and 5% CO 2 and centrifuged at 28 000 g at 4 C for 20 min. Three bands were clearly identified: glomeruli, proximal and distal tubules. The tubules were collected separately, washed in KH and BSA, and incubated for various periods of time in a cell culture medium containing 2% fetal bovine serum, 0·1 µM phenylmethylsulfonylfluoride and 17 -estradiol at the indicated concentrations. Incubation was stopped by centrifugation, tubules were washed in KH, suspended in 10 mM mannitol, 2 mM Tris-Hepes pH 7·4 and frozen at 80 C until the day of experiment.
Luminal membrane purification
The luminal membranes were isolated using the MgCl 2 precipitation technique. The proximal and distal tubule suspensions were thawed and homogenized with ten strokes of a Potter homogenizer. Following the addition of MgCl 2 (12 mM final concentration), the suspensions were stirred in ice for 20 min (proximal tubules) or 10 min (distal tubules) and centrifuged at 3000 g for 20 min at 4 C. The supernatants were collected and centrifuged again at 28 000 g for 30 min at 4 C. The sedimented membranes were washed twice in 280 mM mannitol, 20 mM Tris-Hepes pH 7·4 and allowed to vesiculate at 4 C for 1 h.
Enzyme marker measurements
The purity of the membranes was monitored by the measurement of the activities of specific enzyme markers (Table 1) . Alkaline phosphatase activity was determined by the technique of Kelly & Hamilton (1970) and Na-K ATPase by the technique of Post & Sen (1967) . Previous experiments showed negligible contamination with mitochondrial or endoplasmic reticulum membranes (Brunette et al. 1992) .
45 Ca 2+ uptake by the membrane vesicles 45 Ca 2+ uptake was measured by the rapid Millipore filtration technique. The uptake was initiated by adding 25 µl incubation medium at 35 C to 5 µl membrane suspension (approximately 20-25 µg protein). Uptake was stopped by addition of 1 ml of ice-cold stop-solution. The suspension was immediately filtered through Millipore filters (HAWP 0·45 µm pore size; Fisher Scientific, Nepeau, Ontario, Canada). The filters were rinsed with an additional 5 ml stop-solution and the trapped radioactivity was counted. The incubation medium contained either 120 mM NaCl and 20 mM choline chloride or 140 mM choline chloride, with 20 mM Tris-Hepes pH 7·4 and, unless otherwise mentioned, 0·5 mM 45 CaCl 2 . Stop-solution contained 150 mM KCl, 20 mM TrisHepes pH 7·4 and 2 mM EGTA (or more if high concentrations of Ca 2+ were used).
In the few experiments where 22 Na uptake was measured, the incubation medium contained 1 mM 22 NaCl, 278 mM mannitol, 20 mM Tris-Hepes pH 7·4.
Statistics and calculations
All measurements of electrolyte uptake were carried out in duplicates, and the data presented in the figures and tables reflect the mean values ... of three to five experiments as indicated. The kinetic values of Ca 2+ uptake were calculated using the non-linear regression analysis as described by Huntson (1975) . Significancies of results were estimated according to the unpaired Student's t-test.
Results
Effect of 17 -estradiol on Ca
2+ uptake by proximal and distal tubule luminal membranes The data in Fig. 1 show the time-course of 0·5 µM Ca 2+ uptake from 0·34 0·04 to 0·17 0·04 pmol/µg per 5 s (P<0·05, n=4) and from 0·63 0·065 to 0·33 0·04 pmol/µg per 10 s (P<0·001, n=4) by the proximal and distal tubule membranes respectively. At equilibrium, however, the intravesicular Ca 2+ was similar under the two experimental conditions. In contrast, the hormone did not affect Ca 2+ transport by the proximal tubule membranes (0·27 0·05 vs 0·30 0·09 pmol/µg; NS, n=3).
The effect of 17 -estradiol disappears in the presence of Na +
The experiments presented in Fig. 1 were performed in the absence of Na + . We previously reported that Ca 2+ uptake by the distal luminal membranes was strongly decreased when Na + was present in the medium (Brunette et al. 1992 ). Then we were interested to investigate whether the influence of 17 -estradiol persisted despite the replacement of choline chloride by NaCl in the incubation medium. As shown in Fig. 2 , the presence of 100 mM NaCl not only decreased Ca 2+ uptake, but it completely abolished the effect of the hormone. The cation uptakes were 0·17 0·01 and 0·21 0·07 pmol/µg per 5 s by vesicles from control and treated tubules respectively (NS, n=3).
Effect of the duration of incubation
17 -Estradiol affected the Ca 2+ transport by the distal luminal membrane within a relatively short period of time. As shown in Fig. 3 , the uptake was affected after only a 15 min incubation of the tubules. Although not statistically significant, a tendency to decrease was observed within the few initial minutes.
Dose-response of the effect of 17 -estradiol on Ca 2+ uptake
The response of Ca 2+ uptake to 17 -estradiol was dosedependent. Figure 4 shows the profile curve of this dependence. Incubation of distal tubules with 10 8 M 17 -estradiol decreased Ca 2+ transport to 73·9 3·6% of the control values (P<0·05). However, a slight but not significant decrease of uptake was already present at 10 10 M, i.e. within the physiological range. For comparison, a dose-response curve of the effect of the hormone on Na + uptake is presented in the inset of the figure.
Does estrogen act directly on the luminal membranes?
It has been previously reported that estrogen acutely applied to human cardiac myocytes was decreasing the L-type current within a few seconds (Meyer et al. 1998) , suggesting a direct effect on the cell membranes. We investigated whether the hormone, which is filtered by the glomeruli, was also able to directly influence Ca 2+ influx by the luminal membranes. Neither a 1 min incubation of the vesicles with 10 8 M 17 -estradiol (therefore in CIS position) nor addition of the hormone to the incubation medium did influence Ca 2+ uptake (Fig. 5) .
On which component of Ca 2+ uptake by the distal luminal membrane is estrogen acting?
Ca 2+ transport by the distal luminal membranes presents dual kinetics (Brunette et al. 1992) . To determine which component is involved in estrogen action, Ca 2+ uptake was measured in incubation media containing from 75 µM to 4 mM Ca 2+ . The corresponding Eadie-Hofstee plot is presented in Fig. 6 . The presence of 10 8 M 17 -estradiol influenced very specifically the high-affinity component, decreasing the V max from 0·42 0·02 to 0·31 0·03 pmol/µg per 10 s (P<0·02, n=5) ( Table 2) .
Effect of 17 -estradiol on Na + transport by the luminal membranes
Because of the interaction of Ca 2+ and Na + in the distal luminal membranes, we tested whether estrogen influences Na + transport by these membranes. Results were compared with those obtained in proximal tubules. A 15 min incubation of proximal and distal tubules with 10 8 M 17 -estradiol resulted in a strong increase in 1 mM Na + uptake from 0·55 0·03 to 0·97 0·12 (P<0·05) in proximal tubules and from 0·51 0·07 to 0·78 0·05 pmol/µg per 10 s (P<0·02, n=3) in the distal segments.
Then in a new series of experiments we investigated first whether aldosterone influences Na + transport in our distal tubule membranes, and if so, whether actions of estrogen and aldosterone on Na + transport were additive, and secondly, whether aldosterone, as estrogen, has any effect on Ca 2+ uptake by our distal luminal membranes. Results are presented in Fig. 7 . A 30 min incubation with both 17 -estradiol and aldosterone increased Na + uptake, and their combined effects were significantly higher than those of each of them (0·84 0·04 vs 0·89 0·05 vs 1·00 0·06 pmol/µg per 10 s by membranes from tubules incubated with 17 -estradiol, or aldosterone, or both respectively). The P values were <0·02 for Na + uptakes obtained in combined conditions, vs either estrogen or aldosterone conditions (n=4). However, Ca 2+ transport by membranes from distal tubules treated with the carrier (0·66 0·03) or estrogen alone (0·55 0·02), or aldosterone alone (0·69 0·03) or both (0·68 0·07 pmol/µg per 10 s), again showed a significant effect of estrogen (P<0·05) but a complete lack of influence of the other two experimental conditions (aldosterone alone, or aldosterone and 17 -estradiol).
Discussion
Estrogen decreases tubular reabsorption of Ca 2+ in the distal tubule
As previously mentioned, in vivo experiments investigating the effect of estrogen on the renal excretion of Ca 2+ have been the source of controversy. In women, menopause has been shown to be accompanied by an increase in calciuria (Nordin et al. 1991 , 1994 , Adami et al. 1992 , McKane et al. 1995 , Heshemati et al. 1998 ) therefore suggesting that estrogen enhances Ca 2+ reabsorption. On the contrary, a decrease in Ca 2+ excretion was reported by Dick et al. (1996) , Dick & Prince (1997) and Creighton et al. (1999) following estrogen administration, an observation which is compatible with the opposite hypothesis. Several factors are probably at the origin of these different conclusions. Plasma ultrafiltrable Ca 2+ rises at menopause, and falls following administration of estrogen. Therefore, in clinical situations, estrogen deficiency might induce (Dick et al. 1996) . Moreover, in vivo regulation of calciuria is complex. In addition to its effect on bone, estrogen has been shown to interfere with the PTH-dependent cAMP synthesis in opossum kidney cells (Stock et al. 1992) and to stimulate both the vitamin D active metabolite 1,25(OH 2 )D 3 (Tanaka et al. 1978 , Cheema et al. 1989 , Castillo et al. 1977 and calbindin 28K (Gill & Christakos 1995) expression. Not only does 1,25(OH 2 )D 3 increase Ca 2+ intestinal absorption but it also directly regulates PTH secretion by the gland (Chertow et al. 1980 , Russel et al. 1986 , Silver et al. 1986 , which is a site of receptors for this hormone (Brumbaugh et al. 1975) . Therefore, because of this complex hormonal interrelationship, the reported clearance studies do not necessarily reflect the direct action of estrogen on Ca 2+ reabsorption capacity of the nephron. The purpose of our study was to investigate such an action, independently of any other hormone influence. The results clearly indicated that estrogen by itself regulates electrolyte reabsorption, increasing Na + and decreasing Ca 2+ uptake by the distal tubule luminal membrane.
Estrogen receptors are present in distal as in proximal nephron segments
The site of estrogen receptors has not been clearly established. Autoradiographic studies following long-term estrogen implants in the hamster have localized the hormone binding predominantly in the proximal tubule although some binding was also observed in individual cells of distal tubules (Pantic et al. 1974) . Similar results were reported in the rat (Davidoff et al. 1980) . In primary cultures of rabbit kidney proximal tubule cells, immunoprecipitation studies also detected receptors to and estradiol (Han et al. 1999) . But suggesting also a distal site of action are the observations by Tran et al. ( 1998) and Verlander et al. (1998a) . Verlander et al. (1998a) reported that replacement 17 -estradiol administered in vivo to ovariectomized rats enhances the density of immunoreactive thiazide-sensitive NaCl transporter in the apical membrane of distal tubules. More precisely using immunoblot analysis and ELISA assay, Tran et al. (1998) showed in in vitro studies that the hormone increases both the NaCl cotransport and Na-K ATPase proteins in cultured distal tubule cells.
Our experiments confirmed the presence of receptors at both sites, since the hormone increased Na + reabsorption in proximal as in distal tubules. However, only the distal Ca 2+ transport was affected by estradiol. Therefore, the hormonal regulation of Ca 2+ reabsorption occurs essentially if not exclusively in the distal convoluted tubule.
Two types of estrogen receptors have been described by in situ hybridization and immunochemistry. -Receptors have been detected in uterus (Kuiper et al. 1996) whereas -receptors are rather present in prostate, testis and ovary (Enmark et al. 1997) . Recently Verlander (1998b) , using immunocytochemistry techniques, showed -receptors in Figure 7 Separate and combined effects of 10 6 M 17 -estradiol and 10 6 M aldosterone on 1 mM Na + and 0·5 mM Ca 2+ uptakes by distal luminal membranes. *P<0·05 and ***P<0·01 compared with the control values;
P<0·02 compared with the uptakes by membranes from tubules treated with either 17 -estradiol or aldosterone alone. n=3 (Na + uptake), n=4 (Ca 2+ uptake). Data are means S.E.M.
glomeruli and distal tubules of intact rats, as well as in proximal tubules in ovariectomized animals.
Estrogen decreases the high-affinity component of Ca
2+ transport by the distal tubule
We previously reported that Ca 2+ uptake by distal tubule luminal membranes presents dual kinetics. The lowaffinity component is activated by calcitonin (Zuo et al. 1997) whereas the high-affinity component is influenced by PTH (Lajeunesse et al. 1994 ) and calbindin 28K (Bouhtiauy et al. 1994) . Microdissection studies precisely localized the PTH-sensitive segment in the rabbit distal tubule, showing a granular appearance under microscopic examination (Morel et al. 1976 (Morel et al. , 1982 . This high-affinity channel is strongly inhibited by Na + (Brunette et al. 1992) . We now report that estrogen interacts with this highaffinity component, decreasing Ca 2+ while increasing Na + transport. Several studies showed a tight interrelationship between estrogen and thiazide receptor. Chen et al. (1994) studied the influence of gender on these thiazide receptors in the rat. They reported that ovariectomy decreases metolazone binding by more than 20%, suggesting that sex hormones regulate the density of the NaCl cotransport system in the luminal membrane, and therefore electrolyte reabsorption at this site. Confirming this hypothesis, Verlander et al. (1998a) raised rabbit antibodies against the NaCl cotransporter, and measured this transporter density in ovariectomized rats receiving or not 17 -estradiol. The authors also concluded that estrogen enhances the density of the NaCl cotransporter in the distal convoluted tubule. It is therefore probable that estrogen increases Na + and decreases Ca 2+ uptake at the same site where thiazide, PTH and calbindin 28K on the contrary decrease Na + and enhance Ca 2+ reabsorption, i.e. in the early 'granular' segment of the distal tubule.
Why does the presence of Na
+ curtail the action of estrogen on Ca 2+ uptake?
The Ca 2+ -regulating hormones also influences Na + transport by the distal luminal membranes; PTH increases Ca 2+ (Lajeunesse et al. 1994) and decreases Na + (authors' unpublished observations) uptakes, as does calcitonin (Zuo et al. 1997 ) and calbindin 28K (Bouhtiauy et al. 1994 decreases Na + transports. Indeed, in a recent study, we observed that 2 mM Ca 2+ decreases 1 mM Na + uptake from 1·22 0·14 to 0·70 0·10 pmol/µg per 10 s (P<0·05) by the distal luminal membranes.
This mutual interrelationship suggests that the Ca 2+ channels in these membranes are also permeable to Na + , and therefore, that these cations are in some way in a competitive situation. However, this competition favors Ca 2+ since relatively high concentrations of Na + (35 mM) are necessary to cut by half 0·5 mM Ca 2+ uptake (Brunette et al. 1992) . Hypothetically, the effect of estrogen on Ca 2+ transport disappears in the presence of 100 mM Na + because this transport is already maximally inhibited.
The actions of estrogen and aldosterone on Na + transport are additive Also because the site of action of estrogen is in the early part of the distal nephron, the additivity of this hormone and aldosterone effects is logical. Indeed as clearly demonstrated in the binding to the microdissected tubule experiments (Doucet & Katz 1981 , Farman et al. 1982 , Farman & Bonvalet 1983 , aldosterone action is essentially localized in the late segments of the distal nephron, i.e. in the connecting and collecting tubules. However, the reason why in our experiments aldosterone, which alone did not influence Ca 2+ uptake, prevented the effect of 17 -estradiol on this uptake is obscure.
What messengers are involved in the estrogen actions?
The action of estrogen occurs through complex mechanisms probably involving genomic and non-genomic mechanisms. Indeed, several data indicate that the estrogen receptor, in addition to acting as a transcription factor, is involved in non-genomic mechanisms implicating cAMP release, increase in intracellular Ca 2+ and activation of MAP kinase. The relatively rapid response of Ca 2+ uptake by the luminal membranes of tubules incubated with the hormone for only 15 min, argues for such mechanisms in the kidney as well as in other cells. In in vitro studies, estrogenic hormones have been found to increase cAMP in breast cancer and uterine cell cultures (Aronica et al. 1994) and in intestinal cells isolated from female rat duodenum (Picotto et al. 1996) . In the kidney, however, the action of estrogen on adenylate cyclase is less well defined; Imanaka et al. (1998) reported that estrogen administration to elderly women enhances cAMP excretion induced by PTH loading. In contrast, 17 -estradiol has been shown to inhibit the PTH-dependent cAMP release in opossum kidney cells (Stock et al. 1992) . In the renal distal tubule, we previously showed that either cAMP alone, or the combined cAMP and protein kinase C activation, increases rather than decreases Ca 2+ transport by the luminal membrane (Hilal et al. 1997) . Confirming that cAMP is not involved in the action of estrogen on Ca 2+ transport, we measured the messenger concentration in tubules treated with either the hormone or the carrier. cAMP contents were identical in the two experimental conditions (11·51 0·55 vs 11·99 0·26 pmol/mg protein). It is therefore possible that in the present experiments, estrogen acts through an inhibition of protein kinase C or through activation of a MAP kinase. Further experiments should investigate the possible implication of an eventual role of MAP kinase in the action of estrogen on Ca 2+ transport by the distal tubule luminal membranes. In conclusion, incubation of rabbit distal tubules with estrogen decreased Ca 2+ and increased Na + reabsorption by the distal luminal membranes. This effect occurred following a relatively short period of time, to become highly significant after a 15 min incubation, suggesting a non-genomic mechanism. It involved the high-affinity Ca 2+ channel, i.e. the channel which is strongly influenced by Na + and PTH.
